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A hemodynamic-radionuclide study was performed to
compare the relations between end-systolic pressure and
volume in the left and right ventricles in 10 patients with
biventricular failure, and to correlate the end-systolic
pressure-volume slope with baseline variables of systolic
function. During nitroprusside or nitroglycerin infusion,
or a combination of both, linear relations were found
between end-systolic pressure and volume for both ven-
tricles. In 9 of 10 patients, the end-systolic pressure-
volume slope was greater for the left ventricle (mean ±
SD 1.12 ± 0.36 mm Hg.m2/ml) than for the right ven-
tricle (0.46 ± 0.27 mm Hg.m2/ml) (p < 0.001). In all 10
patients, the volume-axis intercept of the pressure-vol-
ume relation was greater for the left ventricle (82 ± 66
ml/m2) than for the right ventricle (2 ± 30 ml/m2) (p <
0.005). Right ventricular pressure-volume slope corre-
Studies (1-9) of the relation between left ventricular end-
systolic pressure and volume have proven valuable in de-
scribing the interaction between left ventricular afterload
and systolic function. A linear relation has been found be-
tween left ventricular or systemic arterial end-systolic pres-
sure and left ventricular end-systolic volume during acute
alteration in afterload both in isolated canine heart models
(1-3) and in human subjects (4-9). Using a simultaneous
hemodynamic-radionuclide method, we (10) have recently
extended these observations to describe a linear relation
between pulmonary artery end-systolic pressure and right
ventricular end-systolic volume during acute vasodilator
administration in patients with severe pulmonary arterial
hypertension of various etiologies.
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lated weakly with baseline right ventricular ejection
fraction (r = 0.69, p < 0.05), strongly with the baseline
right ventricular end-systolic pressure-volume ratio
(r = 0.89) and inversely with baseline right ventricular
end-systolic volume (r = - 0.86).
In conclusion, 1) in patients with severe biventricular
failure, changes in systolic pressure influence end-sys-
tolic volume more strongly in the right than in the left
ventricle. 2) For the right ventricle, the slope of the end-
systolic pressure-volume relation is directly related to
rest indexes of systolic function. 3) The greater the end-
systolic volume at rest, the greater the predicted im-
provement in right ventricular emptying for any vaso-
dilator-induced reduction in pulmonary artery end-sys-
tolic pressure.
(J Am CoU CardioI1985;5:1326-34)
The purpose of our study was to examine the relative
effects of changes in systolic loading on right and left ven-
tricular contractile performance in severe congestive heart
failure. During vasodilator administration in patients with
comparable severe depression of left and right ventricular
function, we compared the slopes and volume-axis inter-
cepts of the relations between 1) systemic arterial pressure
and left ventricular volume, and 2) pulmonary artery pres-
sure and right ventricular volume at end-systole. In addition,
we explored correlations between the end-systolic pressure-
volume slopes and baseline variables of left and right ven-
tricular systolic function,
Methods
Study group. The study group consisted of 10 men,
ranging in age from 38 to 70 years (mean 55 ± 9) (Table
1). All were in New York Heart Association functional class
III or IV, Six patients had congestive cardiomyopathy, three
had biventricular failure associated with previous myo-
cardial infarction and one had biventricular failure 9 years
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Table 1. Hemodynamic and Radionuclide Data
Pressure-Volume
Resistance
Slope
Pressures (mm Hg) CI (dynes-s-cm - 5) ESV (ml/rrr') ELV ERVPatient Diag- (liters/min
(age [yr]) nosis State ArtE PAE PCW per m2) PVR SVR LVEF RVEF LV RV (mm Hg-mvml)
I (38) CAD B 97 57 44 2.2 280 1,760 0.15 0.15 186 229 0.47 0.21
Ng 90 40 30 3.6 123 935 0.21 0.19 164 188
Np 82 40 22 4.5 128 691 0.23 0.23 168 151
2 (60) CMP B 92 53 35 1.1 598 2,579 0.12 0.14 223 125 1.15 0.81
Ng 75 48 34 1.0 408 2,449 0.13 0.1l 222 III
Np 62 48 24 1.9 230 1,340 0.15 0.15 202 110
3 (70) CAD B 92 41 19 1.3 486 2,579 0.15 0.19 203 121 1.22 0.32
Np 55 35 14 2.4 317 1,069 0.21 0.21 174 110
4 (59) CMP B 77 37 26 1.9 273 1,413 0.22 0.1l 131 199 1.25 0.14
Ng 57 34 24 2.5 139 1,071 0.26 0.13 110 168
Np 45 31 22 3.5 115 631 0.33 0.19 110 170
5 (60) CMP B 77 30 15 1.8 363 2,118 0.09 0.35 336 43 0.59 0.89
Ng 69 18 8 2.2 231 1,706 0.11 0,45 316 28
Np 52 16 2 1.9 323 1,418 0.12 0.44 293 29
6 (60) CMP B 83 40 22 2.0 199 1,626 0.14 0.16 174 204 0.91 0.18
Ng 70 36 17 2.6 168 1,104 0.20 0.20 163 190
Np 60 33 13 3.2 144 806 0.25 0.21 153 170
7 (52) MVR, B 87 50 25 2.9 363 1,082 0.26 0.26 116 79 1.19 0.70
AVR Ng 75 42 21 2.9 281 1,050 0.29 0.29 104 69
Np 66 45 25 4.3 179 691 0.37 0.37 99 70
8 (52) CMP B 105 55 35 1.9 456 1,927 0.16 0.15 160 131 1.60 0.46
Ng 75 32 15 1.9 349 1,621 0.21 0.25 140 98
Np 67 30 14 2.8 219 1,014 0.21 0.28 137 84
9 (59) CAD B III 50 30 1.7 643 2,741 0.23 0.22 88 87 1.41 0.56
Ng 98 38 23 2.6 446 1,893 0.31 0.29 70 65
Np 72 37 17 3.3 314 1,1l5 0.37 0.34 67 65
10 (43) CMP B 84 52 38 2.5 III 906 0.20 0.12 106 167 1.45 0.36
Ng 63 40 22 3.3 169 734 0.25 0.18 96 139
Np 65 45 24 3.3 189 701 0.29 0.21 98 143
Mean B 91 47 29 1.9 377 1,873 0.17 0.19 172 139 1.12 0.46
± SO ±Il ±9 ±9 ±0.5 ± 170 ±638 ±0.05 ±0.07 ±72 :t6O ±0.36 ±0.27
Ng*t 75 36 21 2.5 257 1,396 0.22 0.23 154 117
:t13 ±8 ±8 ±0.8 ±120 ±555 ±0.07 ±O.IO ±76 ±58
Np* 63 35 18 3.1 216 948 0.25 0.26 150 110
±IO ±8 ±7 ±0.9 ±79 ±286 ±0.09 ±0.09 ±65 ±48
*Alldata p < 0.01 versus baseline; tn = 9. ArtE = arterialend-systolic pressure; AVR = aortic valve replacement; B = baseline;CAD = coronary
artery disease; CI = cardiac index; CMP = cardiomyopathy; ELV = left ventricularend-systolic; ERV = right ventricularend-systolic;ESV = end-
systolic volume; LV = left ventricular; LVEF = left ventricular ejection fraction; MVR = mitral valve replacement; Ng = nitroglycerin; Np =
nitroprusside; PAE = pulmonaryarteryend-systolic pressure;PCW = meanpulmonary capillarywedgepressure;PVR = pulmonaryvascularresistance;
RV = right ventricular; RVEF = right ventricularejection fraction; SVR = systemic vascular resistance.
after aortic and mitral valve replacement. All gave written,
informed consent and the protocol was approved by the
Human Investigation Review Committee of New England
Medical Center.
Study protocol. All 10 patients underwent simultaneous
hemodynamic radionuclide study in the postabsorptive state.
Diuretic drugs and vasodilators were discontinued at least
12 hours before the study, and no patients received sedative
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diastolic left ventricular perimeter was drawn manually us-
ing a computer joystick, and background regions were
defined automatically using a previously described computer
algorithm (I I). The left ventricular region was redrawn, if
necessary, on an ejection fraction image, and background
regions were redefined as before. Background was sub-
tracted from the left ventricular region of interest using
average counts per pixel in the background region at the
end-systolic frame, and left ventricular ejection fraction was
calculated as:
Left ventricular end-systolic volume was calculated by a
counts-basedmethod (14). Left ventricularend-systolic counts
per second was derived by dividing end-systolic counts by
total acquisition time per frame. Activity in 5 ml heparinized
blood samples, drawn at the midpoint of each scan acqui-
sition, was counted using the same gamma camera and
collimator as were used for cardiac imaging. Counts were
corrected for decay occurring between the times of cardiac
and blood sample scan acquisitions. Left ventricular end-
systolic volume was then calculated as:
where A is the fraction of left ventricular activity reaching
the camera face, previously estimated to be 0.21 ± 0.03
(mean ± SD) in patients with a wide range of left ventricular
volumes (14).
The right ventricular end-diastolic region was initially
drawn on the end-diastolic frame. A summation of stroke
volume and paradox images, which aided in delineating the
right AV plane, was used to redraw the right ventricular
region, if necessary (11-13). Indrawing the right ventricular
end-systolic region, the right AV separation was delineated
on the basis of examination of the end-systolic image and
of an endless loop movie format display (15). Background
was subtracted from the end-diastolic region using counts
per pixel in a paraventricular background region (13) at the
end-systolic frame, and right ventricular ejection fraction
was calculated as in Equation I.
We have validated this method of measuring ejection
fraction (16) and have found excellent reproducibility in
patients with right ventricular pressure overload, volume
overload or depressed systolic function, alone or in com-
bination. Right ventricular end-systolic counts/s were de-
rived by dividing background-corrected counts in the right
ventricular end-systolic region by total acquisition time per
frame. The fractional change in end-systolic volume com-
pared with the baseline value at each data point was esti-
premedication. Right heart catheterization was performed
through the antecubital or femoral vein using a balloon-
tipped thermodilution catheter, and systemic arterial pres-
sure was monitored using a brachial or radial arterial can-
nula. Simultaneously with hemodynamic measurements, se-
quential equilibrium-gated radionuclide ventriculograms were
performed as previously described (I 1-13). Red blood cells
were labeled in vivo by intravenous injection of stannous
pyrophosphate followed 20 minutes later by administration
of 15to 20 mCi of technetium-99m pertechnetate. A portable
gamma camera was positioned in the modified left anterior
oblique view using a caudally tilted 25° slant-hole colli-
mator, with the degree of obliquity chosen to maximize
interventricular and right atrioventricular (AV) separation.
Scans were acquired for 8 minutes in a 64 x 64 matrix
mode on a magnetic disk using a nuclear medicine computer
(MDA-II and gamma-I I software, Digital Equipment Cor-
poration), with a 15% window centered at the technetium-
99m photopeak. Data acquisition was gated to the patient's
electrocardiogram with the first two-thirds of the cardiac
cycle divided into I I frames.
Pressure measurements and heart rates were recorded
during the first 2 and last 2 minutes of each radionuclide
acquisition with each pair of measurements averaged. Pul-
monary and systemic arterial dicrotic notch pressures were
taken as estimates of end-systolic pressures (4-7).
Nitroglycerin and nitroprusside administration.
Thermodilution cardiac output (average of three recordings
with < 10% variation) was also measured simultaneously
with each scan acquisition. Nine patients received both ni-
troprusside and nitroglycerin with five receiving nitroprus-
side first and four receiving nitroglycerin first. One patient
received only nitroprusside infusion at incremental rates.
After baseline hemodynamic and radionuclide recordings,
nitroprusside or nitroglycerin was infused intravenously at
an initial rate of 0.3 jLg/kg per min, with the dose increased
in increments of 0.3 jLg/kg per min until either mean arterial
pressure had decreased to 80% of baseline value or a dose
of 5 jLg/kg per min was reached. After the recordings, the
infusion was discontinued, and pulmonary and systemic
arterial pressures were allowed to return to baseline value,
at which time infusion of the other agent (nitroprusside or
nitroglycerin) was begun and increased with the same dose
regimen and end points as with the initial agent. Before
each radionuclide scan, the drug infusion rate was held
constant and pulmonary and systemic arterial pressures were
observed to remain stable for at least 5 minutes. During
each scan acquisition, variation in pulmonary and systemic
arterial end-systolic pressure did not exceed 10%, and vari-
ation in heart rate did not exceed 5%. Radionuclide and
hemodynamic measurements were made in each patient dur-
ing infusion of each drug at one or more infusion rate to
achieve at least three data points in each patient.
Radionuclideanalysis. Radionuclide studies were ana-
lyzed using previously described methods (I 1-14). The end-
Ejection fraction =
End-diastolic counts - End systolic counts
End-diastolic counts
End-systolic volume (ml) =
End-systolic counts/s
Blood activity (counts/ml per s) X A •
[I]
[2]
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mated from the ratio of right ventricular end-systolic counts/s
to decay-corrected blood counts/s (15,17) . We estimated
absolute right ventricular end-systolic volume in each pa-
tient at one point in time on the basis of right ventricular
ejection fraction and thermodilution stroke volume (18):
End-systolic volume (rnl)
= Stroke volume x (l/Ejection fraction - I) . [3)
This equation would underestimate end-systolic volume in
the presence of tricuspid regurgitation. Equation 3 was
therefore applied to radionuclide and thermodilution data
derived during the single data point in each patient during
which right atrial pressure was lowest. During these data
points, mean right atrial pressure was 6 ± 4 mm Hg (av-
erage ± SO), and no patient exhibited an abnormal right
atrial V wave suggesting tricuspid regurgitation. No V wave
exceeded 3 mm Hg above the mean right atrial pressure.
Right ventricular end-systolic volumes derived by Equation
3 were combined with relative changes in end-systolic ra-
dioactivity to estimate absolute volumes during the remain-
ing data points.
lntraobserver variability of our radionuclide measure-
ments has been tested by analysis of duplicate scans with
duplicate blood sample acquisitions in a series of 10 patients.
Coefficients of variation were as follows: left and right ven-
tricular ejection fraction, 3.9 and 3.3% (percent of measured
ejection fraction) , respectively; left and right ventricular
end-diastolic volume, 3.4 and 5.1%, respectively; left and
right ventricular end-systolic volume, 3.1 and 4 .9%, re-
spectively. In all cases, the correlation coefficient between
duplicate measurements was 0.99.
Statistical methods. We compared baseline hemody-
namic and radionuclide measurements with those performed
during nitroglycerin and nitroprusside infusion using two-
way analysis of variance. When the hypothesis of equal
treatment means was rejected, significant contributions to
the variance were examined using paired t tests with the
Bonferroni correction for multiple comparisons . We eval-
uated the relation between vasodilator-induced changes in
pressure and in ventricular volume in each subject using
linear regression analysis. Comparisons of left versus right
ventricular end-systolic pressure-volume slopes and inter-
cepts were performed using paired t tests . The significance
of the linear left and right ventricular end-systolic pressure-
volume relations for the entire study group was tested using
stepwise linear regression.
Results
Hemodynamic and radionuclide data (Tahle 1).
Compared with baseline values, both intravenous nitro-
prusside and nitroglycerin administration significantly low-
ered mean systemic arterial pressure, mean pulmonary cap-
illary wedge pressure and mean pulmonary artery pressure.
The cardiac index increased significantly (p < 0.(05) from
1.9 ± 0.5 liters/min per rrr' (mean ± SO) at baseline value
to 2.5 ± 0.8 liters/min per m2 during nitroglycerin infusion
and 3.1 ± 0.9 liters/min per m2 during nitroprusside in-
fusion. Both drugs effected significant decreases in pul-
monary and systemic vascular resistances compared with
baseline value. Heart rate did not change significantly from
baseline value (93 ± 13 min - ') with either nitroglycerin
(91 ± 16 min - I) or nitroprusside (92 ± II min - I) admin-
istration . Baseline ejection fractions were similar for the left
(0 .17 ± 0.05) and right (0 .19 ± 0.07) ventricles. During
nitroglycerin infusion, left ventricular ejection fraction in-
creased to 0.22 ± 0 .07 (p < 0 .001) and right ventricular
ejection fraction increased to 0 .23 ± 0.10 (p < 0.(05).
During nitroprusside infusion, left ventricular ejection frac-
tion was 0.25 ± 0.09 (p < 0 .001 compared with baseline
value) and right ventricular ejection fraction was 0.26 ±
0.09 (p < 0.(01).
Ventricular pressure-volume relations (Table 1).
For each patient, we examined the relations between I)
systemic arterial end-systolic pressure and left ventricular
end-systolic volume, and 2) pulmonary artery end-systolic
pressure and right ventricular end-systolic volume during
vasodilator administration (Fig . I) . For the entire group,
significant linear regression was found for both left (p <
0.00 I) and right (p < 0.00 I) ventricular end-systolic pres-
sure-volume relations. In 9 of the 10 patients, the end-
systolic pressure-volume slope was greater for the left than
for the right ventricle (p < 0.001) . The one patient in whom
the right ventricular slope exceeded the left ventricular slope
(Patient 5) had the highest baseline right ventricular ejection
fraction (0.35) in the presence of severe left ventricular
dysfunction (ejection fraction 0.09). For all 10 patients, the
average end-systolic pressure-volume slope was signifi-
cantly greater for the left ventricle (1 .12 ± 0.36 mm Hg.m2/
ml) than for the right ventricle (0.46 ± 0.27 mm Hg.m2/
ml) (p < 0 .(01).
Left and right ventricular end-systolic pressure-volume
relations were also compared expressing both pressures and
volumes as percent of baseline value to normalize for dif-
ferences in end-systolic pressures and volumes in the two
ventricles (Fig . 2). The pressure-volume slope derived in
this manner for the left ventricle (average 2.01 ± 0.65)
exceeded that for the right ventricle (average 1.08 ± 0.33)
in all 10 patients (p < 0.00 I) (Fig . 3). The slope derived
from percent changes in right ventricular end-systolic pres-
sure and volume tended to be close to unity , indicating that
the vasodilator-induced fractional change in right ventricular
end-systolic volume tended to be similar to the fractional
change in pulmonary artery end-systolic pressure. The etiol-
ogy of congestive heart failure was not predictive of either
left or right ventricular end-systolic pressure-volume slope.
The ventricular end-systolic volumes expected at an end-
systolic pressure of 0 mm Hg (volume-axis intercept) were
estimated by linear regression. In all 10 patients, the vol-
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Figure 1. Individual patients' relations between
I) systemic arterial pressure and left ventricular
(LV) volume (closed symbols, solid lines), and
2) pulmonary artery pressure and right ventricular
(RV) volume (open symbols, dashed lines) at
end-systole (patient number/top left of each panel).
Linear regression lines and slopes (mm Hg-mvml)
are shown, derived from data points at baseline
value (Base) and during nitroglycerin (NTG) and
nitroprusside (NTP) infusion. For the overall group,
significant linear regression Was found for both
left ventricular (p < 0.001) and right ventricular
(p < 0.001) end-systolic pressure-volume rela-
tions. In each patient except Patient 5, the pres-
sure-volume slope was greater for the left ventricle
than for the right ventricle (p < 0.001).
10 170
ume-axis intercept was greater for the left ventricle (82 ±
66 ml/nr') than for the right ventricle (2 ± 30 ml/nr') (p <
0.005) (Fig. 4).
Correlates of pressure-volume indexes. There was no
significant correlation between left and right ventricular end-
systolic pressure-volume slopes or between left and right
ventricular volume-axis intercepts. For the right ventricle,
however, there was a direct correlation between pressure-
volume slope and baseline ejection fraction (r = 0.69, P
< 0.05) and a strong inverse correlation between pressure-
volume slope and baseline right ventricular end-systolic vol-
ume (r = -0.86) (Fig. 5). In addition, there was a strong
100 t. 2. J.
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direct correlation between right ventricular end-systolic
pressure-volume slope and the baseline ratio of pulmonary
arterial end-systolic pressure to right ventricular end-systolic
volume (r = 0.89) (Fig. 5). In most patients, the baseline
right ventricular end-systolic pressure-volume ratio approx-
imated the pressure-volume slope, an observation that is
related to the finding that the average right ventricular vol-
ume-axis intercept was close to 0 ml/rn"; that is, the right
ventricular end-systolic pressure-volume line passed near
the origin. In contrast, for the left ventricle there was no
significant correlation between pressure-volume slope and
either baseline ejection fraction (r = 0.50), end-systolic
volume (r = - 0.58) or baseline left ventricular end-systolic
pressure-volume ratio (r = 0.59).
Discussion
Previous studies. The effect of acute changes in left
ventricular afterload on the extent of systolic contraction
has been widely studied (1-9). Suga and Sagawa (I) and
Weber et al. (3) demonstrated a linear relation between end-
systolic pressure and volume in an isolated canine left ven-
tricle. Similar observations have been made in human sub-
jects, using vasodilators or vasoconstrictors, or both, to alter
systolic pressure and measure ventricular volume or di-
mension using contrast ventriculography (6,7), echocardi-
ography (4,5) or radionuclide ventriculography (8,9). Acute
augmentation of contractility, by catecholamine adminis-
tration or by postextrasystolic potentiation, increases the
slope of the left ventricular systolic pressure-volume relation
in both the isolated canine ventricle (1-3) and in the human
subject (4,5,7). The right ventricular end-systolic pressure-
volume relation has been less extensively studied. Maughan
et al. (19) examined this relation in the isolated canine right
ventricle and found it to be analagous to observations made
Figure 4. Comparisonof volume-axisinterceptsof left ventricular
and right ventricular end-systolic pressure-volumerelations. In all
10 patients, the volume-axis intercept for the left ventricle ex-
ceeded that for the right ventricle. The distribution of points to
the left of the dashed line of identity indicates that volume-axis
intercepts were greater for the left ventricle than for the right
ventricle (p < 0.(01).
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servations regarding the left and right ventricular end-sys-
tolic pressure-volume relations in patients with severe
congestive heart failure and examined correlates of the slopes
of these relations; and 2) studied the relative effects of
changes in systolic loading on right and left ventricular
contractile performance by comparing the end-systolic pres-
sure-volume relations in the two ventricles.
Comparison of left and right ventricular response to
altered afterload. In our patient group with comparable
severe depression of left and right ventricular systolic func-
tion, the end-systolic pressure-volume relations for the right
ventricle were characterized by shallower slopes and smaller
volume-axis intercepts than for the left ventricle. Left ven-
tricular slopes exceeded right ventricular slopes derived from
absolute changes in pressure and volume in all patients
except Patient 5, in whom left ventricular function was
severely depressed and right ventricular function was near
normal. In all patients, the end-systolic pressure-volume
slope derived from fractional changes in pressure and vol-
ume was greater for the left ventricle than for the right
ventricle, in which the fractional change in end-systolic
volume tended to equal the vasodilator-induced fractional
change in pulmonary artery end-systolic pressure. Observed
differences in pressure-volume slopes indicate that the ex-
tent of right ventricular emptying is more strongly influenced
by changes in end-systolic pressure than is the extent of left
ventricular emptying. This difference in the degree to which
systolic function of the two ventricles is altered by changes
in systolic pressure, as indicated by the pressure-volume
slopes, may be related to differences in contractility or wall
thickness, or both, of the left and right ventricles. Greater
thickness of left ventricular myocardium implies that the
same absolute change in systemic and pulmonary artery end-
systolic pressure translates into a smaller absolute change
in left ventricular end-systolic stress than in right ventricular
end-systolic stress. Therefore, differences in ventricular wall
thickness may, at least in part, be responsible for the greater
pressure-volume slopes observed for the left ventricle com-
pared with the right ventricle.
In individual patients, it is difficult to determine the de-
gree to which right ventricular dysfunction resulted from
intrinsic myocardial disease or abnormal systolic loading.
Although left and right ventricular ejection fractions were
comparable in our study group, altered right ventricular
systolic function was due, in part, to increased afterload.
However, on the basis of studies of the left ventricle in
human subjects (4,5,7) and the isolated canine right ven-
tricle (19), changes in afterload would not be expected to
affect the right ventricular end-systolic pressure-volume slope.
Therefore, the presence of increased systolic load contrib-
uting to right ventricular dysfunction cannot account for the
fact that the end-systolic pressure-volume slopes were al-
most uniformly lower for the right ventricle than for the left
ventricle. As a group, patients with coronary artery disease
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Figure 5. Correlation of right ventricular (RV) end-systolic pres-
sure-volume slopes(ERV) withbaseline ejection fraction (EF), end-
systolic volume (ESV) and end-systolic pressure-volume ratio
(ESPIV).
for the left ventricle. Acute changes in right ventricular
systolic pressure are accompanied by linear changes in end-
systolic volume, and the slope of this relation changes di-
rectly with alteration in contractility.
Inhuman subjects, an acute vasodilator-induced decrease
in afterload is accompanied by a reduction in radionuclide-
derived right ventricular end-systolic volume (17,18). In
patients with severe pulmonary hypertension due to ven-
tricular failure or primary pulmonary disease, we have
previously demonstrated linearity of the right ventricular
end-systolic pressure-volume relation during vasodilator
administration (10). Inour study we have: 1) extended ob-
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and severe left ventricular dysfunction might be expected
to have greater preservation of right ventricular contractility
than those with cardiomyopathy, in whom diffuse biven-
tricular myocardial disease would be expected. The overlap
in right ventricular slopes between our patients with these
two underlying diseases may be due to the presence of right
ventricular infarction in some patients with coronary artery
disease, and relative preservation of right ventricular myo-
cardium in some patients with cardiomyopathy.
Correlates of pressure-volume indexes. Our data ap-
pear to substantiate the linearity of the left and right ven-
tricular end-systolic pressure-volume relations in patients
with severe ventricular dysfunction. The left ventricular end-
systolic pressure-volume slope has been found to correlate
with other variables of left ventricular systolic function,
being directly related to left ventricular ejection fraction
(6,7). Our values for left ventricular end-systolic pressure-
volume slopes were similar to those calculated by Grossman
et aI. (6) using contrast ventriculography in patients with a
severely depressed left ventricular ejection fraction. Patients
with normal left ventricular function have been found to
have a significantly higher end-systolic pressure-volume slope
(6). Within our patient group with fairly uniform depression
of left ventricular function, we found no significant corre-
lation between pressure-volume slope and either ejection
fraction at rest or end-systolic volume for the left ventricle.
Stronger correlation among these variables might be found
if a group with a wider range in left ventricular systolic
function were studied. However, for the right ventricle, the
end-systolic pressure-volume slope correlated significantly
with ejection fraction at rest and more strongly with end-
systolic volume at rest.
For the left ventricle, we found no significant correlation
between the end-systolic pressure-volume slope and the
baseline end-systolic pressure-volume ratio. This finding is
expected from the broad range of left ventricular volume-
axis intercepts, averaging 82 ml/nr'. In contrast, for the
right ventricle, the baseline end-systolic pressure-volume
ratio was strongly predictive of the pressure-volume slope,
a finding which is related to the tendency for the right
ventricular volume-axis intercepts to be near zero. On the
basis of these data, a single determination of the end-systolic
pressure-volume ratio may be a more useful measure of
contractility for the right ventricle than for the left ventricle.
Limitations. Estimation of changes in right ventricular
ejection fraction and volume by any method is probably less
accurate than comparable measurements in the left ventricle
because of overlap among the right ventricle and adjacent
structures, particularly in the presence of right heart dilation.
It is necessary to consider the possibility of systematic error
resulting from vasodilator-induced alterations in the degree
of chamber overlap. To minimize such errors and to opti-
mize right ventricular measurements, we have employed
techniques of previous investigators (11,12,15,20,21): I)
using caudal angulation to minimize AV overlap, 2) choos-
ing the degree of obliquity to maximize both interventricular
and right AV separation, 3) delineating separate end-dia-
stolic and end-systolic regions, and 4) employing functional
images to optimize identificationof AV and pulmonary valve
planes. Although no ideal standard for right ventricular vol-
ume measurements exists, we have found excellent corre-
lation between ejection fraction measured by our equilib-
rium-gated method and by first-pass radionuclide angiography
in patients with right ventricular pressure overload, volume
overload or depressed systolic function, alone or in com-
bination (16).
Our observations were limited to patients with severe
ventricular dysfunction. Similar studies in more normal pa-
tient groups would be of interest, although limitation in the
ability to pharmacologically alter pulmonary artery pressure
in normal subjects might render analysis of the right ven-
tricular end-systolic pressure-volume relation difficult.
Clinical implications. The negative correlation between
right ventricular end-systolic pressure-volume slope and end-
systolic volume at rest implies that the greater the baseline
right ventricular end-systolic volume, the greater the im-
provement in right ventricular systolic emptying that can be
expected for a given vasodilator-induced reduction in pul-
monary artery end-systolic pressure. This finding suggests
that estimation of right ventricular end-systolic volume by
radionuclide ventriculography may be useful in identifying
those patients most likely to benefit from vasodilator ther-
apy. Because all of our patients had right ventricular pres-
sure overload, we cannot be certain that this conclusion
applies equally to patients with severely depressed right
ventricular contractility in the presence of more normal af-
terload. However, this relation between end-systolic volume
at rest and pressure-volume slope appears to apply within
our study group with varying etiologies of heart failure and
varying degrees of right ventricular systolic hypertension.
The fact that right ventricular end-systolic volume is more
strongly influenced by changes in systolic pressure (shal-
lower pressure-volume slope) than is left ventricular end-
systolic volume suggests that measurement of right
ventricular volumes may be useful in estimating the hemo-
dynamic effect of vasodilator therapy in patients with
congestive heart failure. Prediction of the right ventricular
end-systolic pressure-volume slope from baseline right ven-
tricular end-systolic volume may facilitate estimation of vaso-
dilator-induced changes in pulmonary artery systolic pres-
sure from radionuclide measurement of changes in right
ventricular end-systolic volume. Further investigation into
this possibility appears warranted.
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